INTRODUCTION
Disruption of the [Ca 2+ ] i homeostasis plays a major role in ischemic neuronal injury (1). ATP depletion followed by ischemic depolarization promotes release and toxic glutamate accumulation in the extracellular space (2, 3) . The consecutive entry of Ca 2+ through glutamate operated-and voltage gated Ca 2+ -channels (VGCC) promotes a rapid cytoplasmic Ca 2+ elevation followed by delayed Ca 2+ deregulation (4, 5) . The [Ca 2+ ] i elevation is associated with activation of phospholipases, proteases, endonucleases and reactive free-radical species that break down macromolecular assemblies. However, the Ca 2+ hypothesis (6) has been challenged since Ca 2+ -and glutamate antagonists have failed to provide neuroprotective effects in clinical trials (7) . Increased focus has therefore been put on the cellular/neuronal Ca 2+ handling during the ischemia, and the endoplasmic reticulum (ER) hypothesis proposes that disturbances of the Ca 2+ homeostasis within the ER may contribute to the ischemic cell injury (8) . The ER exhibits high Ca 2+ activity (9) (10) (11) , and the Ca 2+ release is regulated by the inositol 1,4,5-trisphosphate-(IP 3 ) and the ryanodine receptors (RyR). The ER Ca 2+ gradient is re-established by the Ca 2+ pump sarcoplasmic/ endoplasmic reticulum Ca 2+ ATPase (SERCA).
The aim of the present study was to investigate the routes of Ca 2+ entry into the cytosol with emphasis on the ER Ca 2+ homeostasis during oxygen and glucose deprivation (OGD) without glutamate toxicity. For this purpose acutely dissociated neurons (ADN) from rat hippocampus loaded with Ca 2+ sensitive dyes were used as a non-excitotoxic model.
EXPERIMENTAL PROCEDURE
Cell Preparation. The study was approved by the local Animal Research Committee, and animals were treated according to approved rules. The hippocampal slice technique has previously been described in detail and will therefore be discussed only briefly. Wistar rats (female, 3-6 weeks) were decapitated, the brain was rapidly removed, cooled and the hippocampus from one hemisphere carefully dissected out. Slices (300-500 lm) were cut by hand and transferred to an incubation chamber within 5 min from decapitation. The incubation chamber contained normal artificial cerebrospinal fluid (N-ACSF) with the following composition (in mM): 123 NaCl, 3.75 KCl, 1.25 KH2PO4, 26 NaHCO3, 10 dextrose, 1 MgCl2 and 2 CaCl2 gassed with a mixture of 95% O 2 + 5% CO 2 at pH 7.4. The slices rested submerged for at least 60 min at room temperature. ADN were prepared according to a protocol modified from Kay and Wong (12) . The CA1 region was isolated from five slices (minislices) and incubated in N-ACSF containing 1.5 mg/ml Protease type XIV and 1.0 mg/ml Collagenase type I (Sigma-Aldrich, Norway) gassed with 95% O 2 + 5% CO 2 . After 60 min incubation at 32°C the minislices were washed and triturated to provide mechanical dissociation.
Experimental Setup. From each preparation of cells one neuron was selected in accordance with morphological appearance of healthy cells (12) . The neuron chosen in each experiment expressed uniformly bright appearance without mottled dark patches, uniform dark appearance, blisters or early signs of swelling.
The acetoxymethyl ester of the calcium sensitive dyes fluo-3 (fluo-3 AM) and fura red (fura red AM) (Molecular Probes, Leiden, The Netherlands) were used for ratiometric calculations of changes in [Ca 2+ ] i . Neurons were dissociated in 2 ml N-ACSF containing fluo-3 AM 0.2 lM and fura red AM 1.75 lM. The cells were loaded with the dyes for 20 min at room temperature as they settled on a Cell-Tak coated coverslip (BD Biosciences Bedford, MA) forming the bottom of the recording chamber. The pH was maintained by continuously blowing 95% air + 5% CO 2 to the surface. Superfluous dye was washed out for 10 min at a continuous flow of 1-2 ml/min which was kept throughout the recording period.
The recording chamber was positioned on an inverted microscope (Nikon, Tokyo, Japan) with a confocal imaging system (MRC 600, Bio Rad, Hertfordshire, UK) equipped with an argonion laser. The probes were excited with 514 nm laser light filtered through a neutral density filter reducing laser power to 0.1 mW, and with an exposure time of 300 ms to reduce phototoxicity and photobleaching. Emitted fluorescent light was detected using two separate photo multiplier tubes at the wavelengths 525-555 nm (fluo-3) and >600 nm (fura red), respectively. One image was acquired every 15 s using a 60· oil immersion objective, and the fluo-3/fura red fluorescence ratio was calculated using the Time Course/Ratiometric Software Module (TCSM, Bio Rad, Hertfordshire, UK). Calibration for quantitative measurements was not done due to the uncertainty arising from the use of different calibration techniques.
The temperature was kept at 36 ± 1°C during recording by preheating the external solution. After 5 min of baseline recording, OGD was applied by switching to glucose free ACSF gassed with 95% N 2 + 5% CO 2 and added the oxygen scavenger Na 2 S 2 O 4 (0.75 mM) at pH 7.4. Under these conditions pO 2 was <0.3 kPa, which is considerably lower than the generally accepted limit for in vivo hypoxia of pO 2 <2.6 kPa (13) .
Neurons were recorded during 9 min of OGD. Beyond 9 min major morphological changes developed making the interpretation of the results difficult. The neurons were divided into 10 groups and; (1) depleted ACSF with EGTA (0.5 mM) added thapsigargin (9 lM) during dye loading, (9) Ca 2+ depleted ACSF with EGTA (0.5 mM) added thapsigargin (9 lM) and dantrolene (80 lM) during dye loading, (10) Ca 2+ depleted ACSF with EGTA (0.5 mM), then N-ACSF and finally ionomycin (10 lM).
All drugs were purchased from SIGMA, Norway. Fluo-3, fura red, ionomycin, dantrolene and 2-APB were dissolved in DMSO and diluted in ACSF (DMSO < 0.3%). All solutions were tested for equal osmolarity.
Data Analysis and Statistics. The results are presented as mean ± SEM. Differences between groups were tested with student's t-test. The total OGD induced [Ca
2+
] i response was calculated as the area under the curve (AUC) during OGD, and the differences were tested with Student's t-test. Data were considered significant when P < 0.05.
RESULTS
In the control group neurons were exposed to OGD in N-ACSF (group 1, n = 7). The baseline fluorescence ratio reflecting the resting [Ca 2+ ] i level was 0.7 ± 0. When OGD was applied all neurons responded with a rapid and irreversible increase in [Ca 2+ ] i throughout the soma ( Fig. 1 ) reaching 2.3 ± 0.4 at the endpoint after 9 min (Fig. 3a) . The [Ca 2+ ] i started to increase within 2 min. At the end of the experiments 6 out of 7 neurons (86%) demonstrated changes in morphology with blebbing, cell swelling and retraction of processes (Fig. 2a, b) .
To exclude intrinsic effects of the O 2 scavenger, experiments were performed with oxygenated N-ACSF added Na 2 S 2 O 4 (n = 4). The [Ca 2+ ] i remained stable during 20 min of recording in all neurons, and morphologicalchangesdidnotoccur(datanotshown).
When extracellular Ca 2+ was removed (group 2, n = 7) the baseline [Ca 2+ ] i level was reduced to 0.5 ± 0.1, (P < 0.05 compared to group 1). During OGD all neurons responded after 2-3 min with an irreversible increase in [Ca 2+ ] i reaching 1.9 ± 0.2 ( Fig. 3a) ] i started to increase after 3 min reaching 2.0 ± 0.2 (Fig. 3a) ] i increased irreversibly in all neurons after a latency of 3 min to 1.7 ± 0.2 (Fig. 3b) . The endpoint [Ca 2+ ] i level was lower than in the other groups, but without reaching statistical significance. The latency was longer than in group 1, but similar to the other groups. The total OGD induced [Ca 2+ ] i response was lower than in group 1 (P < 0.05), but similar to the other groups. During OGD, four neurons (57%) demonstrated alterations in cell morphology.
When both RyR and IP 3 receptors were blocked during OGD (group 6, n = 6), the baseline level of [Ca 2+ ] i was 0.5 ± 0. The [Ca 2+ ] i increased irreversibly in all neurons after a latency of approximately 2 min to 1.7 ± 0.1 (Fig. 3b) . The endpoint [Ca 2+ ] i level was somewhat lower compared to the other groups (n. s.). The latency was longer than in group 1, but similar to the other groups. The total OGD induced [Ca 2+ ] i response was lower compared to group 1 (P < 0.05) but similar to the other groups. During OGD, four neurons (67%) demonstrated altered morphology. 
To study the increase in [Ca 2+ ] i after emptying the ER Ca 2+ stores, the SERCA antagonist thapsigargin was applied before OGD (group 7, n = 6). Calcium was present in the medium to assess a possible influx of Ca 2+ during OGD. In this situation the baseline [Ca 2+ ] i level was considerably elevated to 2.1 ± 0.2 and tended to decrease rather than increase during OGD (Fig. 3c) . When thapsigargin treated neurons were depolarized with KCl, there was a reversible increase in [Ca 2+ ] i , showing that the VGCC still could be activated (Fig. 3c inset) . Severe morphological alterations appeared in five out of six neurons (83%).
In group 8 the neurons were incubated with thapsigargin after Ca 2+ was removed (n = 11) and added EGTA. The baseline fluorescence ratio was 0.5 ± 0, and lower than in group 1 and 7 (P < 0.05). OGD failed to induce any increase in [Ca 2+ ] i (Fig. 3d) . After 9 min of OGD ionomycin was applied to release a possible thapsigargin insensitive Ca 2+ pool, and there was a significant increase in the fluorescence ratio reaching 1.0 ± 0.2 (P < 0.05). In eight neurons (73%) no morphological changes appeared during OGD.
In the next set of experiments neurons were incubated with both thapsigargin and dantrolene in a Ca 2+ depleted medium (group 9, n = 3). The baseline ratio was 0.6 ± 0, and there was no increase in [Ca 2+ ] i during OGD (Fig. 3d) . There was no difference in the ionomycin induced [Ca 2+ ] i elevation compared to group 8. None of the neurons developed morphological alterations.
To study the effect of extracellular Ca 2+ on the resting [Ca 2+ ] i level, extracellular Ca 2+ was elevated from 0-2 mM (group 10, n = 3). The [Ca 2+ ] i level in 0 mM Ca 2+ was 0.3 ± 0 and increased to 0.6 ± 0 (P < 0.05) upon elevation of extracellular Ca 2+ to 2 mM. When ionomycin was applied to maximally saturate the dyes with Ca 2+ , the [Ca 2+ ] i increased to 4.7 ± 1.1, (Fig. 3e) , which was considerably higher compared to the other groups (P < 0.05). Glutamate excitotoxicity (18) mimics the ischemic [Ca 2+ ] i response in both isolated hippocampal neurons (19) and the hippocampal slice preparation (20) and has therefore been considered the predominant mechanism in ischemic neuronal injury (21, 22 Endoplasmic Reticulum Dysfunction and [Ca 2+ + ] i Elevation in Ischemic CA1 Neuronssimilar effects (23) . The role of glutamate excitotoxicity in ischemia has therefore been questioned (7) . Acutely dissociated neurons provide a model for studying the intrinsic response to non-excitotoxic energy deprivation (24, 25) . The vastly enlarged extracellular space combined with the lack of synaptic contacts and isolation from surrounding tissue prevents toxic glutamate stimulation. Furthermore, the neurons are in vivo matured and utilized within a few hours after harvesting, thus avoiding alterations in cellular characteristics that may occur in culture.
DISCUSSION

This study demonstrates that in acutely isolated
The key role of [Ca 2+ ] i overload during ischemia is widely accepted as a predominant mechanism in the cascade of events leading to neuronal injury and death (25) (26) (27) . In the present study, isolated CA1 neurons went through a rapid Ca 2+ deregulation during non-excitotoxic ischemia. Based on our results and others (24) glutamate excitotoxicity seems to mask alternative mechanisms of Ca 2+ elevation rather than representing a prerequisite for the ischemic Ca 2+ overload in the vulnerable CA1 neurons. In previous studies Ca 2+ mediated neurotoxicity was more dependent on the route of entry than the extent of Ca 2+ load. For example, Ca 2+ loading through L-type VGCC was less harmful compared to a similar Ca 2+ load through glutamate receptors, a phenomenon termed ''source specificity'' hypothesis of Ca 2+ neurotoxicity (4,28) Plasmalemmal Na + /Ca 2+ exchangers are abundant in the brain, and under physiological conditions they maintain the Ca 2+ homeostasis by extruding Ca 2+ from the cytosol (29, 30) . During the ischemic depolarization of the plasmamembrane the ion influx through voltage gated channels (31, 32) may reverse the electrogenic Na + /Ca 2+ exchangers (33) and hence contribute to the Ca 2+ overload together with VGCC activation. In the present study removal of extracellular Ca 2+ did not prevent the neurons from going through an irreversible increase in [Ca 2+ ] i , indicating that the main source of Ca 2+ is release from intracellular stores, such as the ER (8) .
To rule out that the bulk load of Ca 2+ seen in these experiments would saturate the low affinity fluorescent dyes and produce false low values, the neurons were exposed to ionomycin to saturate the dyes with Ca 2+ . (40) .
Another important aspect is that the RyR and IP 3 receptor density is not uniform throughout the central nervous system. In hippocampal CA1 neurons, the IP 3 receptor density is high and the density of RyR is low, whereas RyR are more numerous in the CA3 region, the dentate gyrus and the striatum (41, 42 2+ indicating a leak from the cytosol to the extracellular environment. This effect was enhanced when the ER was emptied with thapsigargin, and blocking the RyR made no difference. This is in corroboration with studies of the Ca 2+ leak from the ER after SERCA inhibition (49) . Furthermore, a thapsigargin insensitive Ca 2+ pool was observed in most CA1 neurons that could not be emptied during ischemia, and might represent Ca 2+ stored in the Golgi apparatus (50) .
Most neurons exposed to OGD developed major alterations in morphology either as blebbing and/or as soma swelling. Since this study did not follow the injury beyond 9 min it can not be concluded whether the morphological alterations were reversible or signs of protracted injury. When extracellular Ca 2+ was depleted, however, the changes in morphology were significantly attenuated. These results are in line with our previous study on OGD induced injury in isolated CA1 neurons (51) and with findings on hypoxic injury in isolated cells (24) .
The present results give support for the view that energy deprivation causes rapid disturbances of ER Ca 2+ homeostasis leading to irreversible Ca 2+ overload and neuronal injury in the absence of glutamate exposure. They further support the notion that influx of Ca 2+ through VGCC activation and/or reversal of the Na + /Ca 2+ exchanger accentuate the Ca 2+ deregulation, but are not a prerequisite mechanism. The Ca 2+ release from ER during ischemia seems to be caused mainly by SERCA failure. The SERCA function is necessarily impaired during energy deprivation due to its ATP dependency, although other factors such as NO production and free oxygen radicals may impair SERCA function as well (52, 53) . It remains illusive, however, whether mitochondrial function is impaired within the first min of OGD leading to ATP failure. Further studies will be required to clarify the interaction between mitochondrial function and SERCA failure during ischemia.
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